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a b s t r a c t
Projections of equatorial sea surface temperature from CMIP5 climate models are important for
understanding possible future changes in marine habitats, local rainfall and climate processes such as
El Niño Southern Oscillation. Interpreting the projected changes in the tropical Paciﬁc is complicated by
the systematic cold tongue bias and overly westward location of the Warm Pool edge at the equator in
coupled models. Here an index based on the maximum zonal salinity gradient is used to differentiate the
Warm Pool from the cold tongue in each of 19 CMIP5 models. Warming is then calculated relative to the
dynamic edge of the Warm Pool between the second halves of the 20th and 21st Centuries from the
RCP8.5 scenario to provide a bias adjusted SST projection.
Based on this deﬁnition of the edge, while the Warm Pool edge is projected to warm, it is likely to
remain within 101 of its present longitude. This is in stark contrast to the large projected eastward
displacements of the isotherms that are usually used to deﬁne the edge. Adjusting for the edge, warming
within the Warm Pool is projected to be fairly uniformwith surface water freshening. Projected warming
is enhanced over the cold tongue with the net effect of reducing the zonal SST gradient. In contrast, if the
warming is calculated without correcting for the edge of the Warm Pool, the warming signature is
dominated by the poorer performing models with an overly westward Warm Pool, resulting in enhanced
warming across the equatorial Paciﬁc. Bias adjusting realigns the warming signature and reduces the
model spread of projected warming. The biased warming signature also introduces spurious meridional
and zonal SST gradients. This will potentially alter the behaviour of the atmospheric convergence zones
and the dynamics of ENSO which is inﬂuenced by the extent of the Warm Pool and zonal SST gradients.
Crown Copyright & 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
Physical, chemical and biological characteristics on the eastern
and western sides of the equatorial Paciﬁc differ considerably
(Fig. 1; Picaut et al., 2001; Brown et al., 2013b). In the west, waters
of the Western Paciﬁc Warm Pool (WPWP) are warm and fresh
lying beneath strong atmospheric convection; the temperature is
relatively uniform; and a deep thermally mixed layer exists with a
barrier layer often forming that inhibits mixing between the warm
surface water and cooler thermocline water below. Waters tend to
be oligotrophic and contain low levels of pCO2. In contrast, in the
eastern equatorial Paciﬁc, there is strong equatorial upwelling that
acts to cool sea surface temperatures (SST); the thermocline shoals
and SST decreases towards the east. Surface waters are saltier than
in the west, with higher pCO2 and nutrient concentrations. The
boundary between these two very distinct regions is characterised
by strong gradients in salinity, pCO2 and chlorophyll (Maes et al.,
2004, 2006) and marks the equatorial edge of the WPWP.
This edge has previously been characterised by a surface conver-
gence in the zonal direction: ‘hypothetical drifters’ (advected only
by zonal surface currents) converge at a location that aligns with
the more conventionally deﬁned edge as it evolves over time in
some datasets (Picaut et al., 1996). The edge, as deﬁned by these
various properties may diverge at certain times e.g. during large
ENSO events. As such, ﬁnding a metric to deﬁne the edge is
problematic and often dependent upon the application (Brown
et al., 2013b).
Observational studies suggest a net warming and freshening of
the western Paciﬁc in recent decades (Cravatte et al., 2009; Durack
et al., 2012). However different observational products and studies
do not agree on how the zonal SST gradient has changed over the
20th Century (Vecchi et al., 2008). Moreover, the tropical Paciﬁc is
subject to large decadal variations that can distort the identiﬁcation
of forced trends on multi-decadal timescales. This makes it difﬁcult
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to extrapolate potential future warming patterns from past behaviour
or to validate climate models against observational trends.
Climate model projections, with increasing greenhouse gases,
project regionally enhanced warming along the equatorial Paciﬁc
(Meehl et al., 2007; Clement et al., 2010; Xie et al., 2010) that is
stronger in the east than the west in most models. The processes
involved in warming the western and eastern halves of the basin
will likely occur for different reasons. For example, DiNezio et al.
(2009) found that changes in cloud cover feedbacks, evaporative
cooling and radiative heating is important in the Warm Pool, while
changes in vertical ocean heat transport and radiative heating is
important in the cold tongue.
Regional details of SST warming are important for their local effects
on marine ecosystems. Coral reefs in the western Paciﬁc exist close to
their bleaching threshold and future warming information may
provide important information on how to better manage and protect
the reefs (Bell et al., 2011). Tuna are the most important oceanic
ﬁshery in the tropical Paciﬁc (Bell et al., 2013), and catch data suggests
an east–west migration of skipjack tuna populations in relation to the
expansion and contraction of theWarm Pool (Lehodey et al., 1997; Bell
et al., 2013). It is not clear whether the tuna are moving due to shifts in
the location of their preferred thermal habitat, or changes to other
physical or biogeochemical properties on either side of the edge.
Projected changes to at the Warm Pool edge may therefore have large
implications for biological systems and associated ﬁsheries.
Changes to the meridional and zonal SST gradients in the
tropical Paciﬁc can have important consequences for the local
climate and beyond. The strength and location of the tropical
convective zones – the Intertropical Convergence Zone (ITCZ) and
the South Paciﬁc Convergence Zone (SPCZ) – are a function of the
underlying SST and the equatorial meridional SST gradients
(Chadwick et al., 2012). Small spatial differences in SST warming
can therefore have a large impact on winds and hence rainfall
strength and distribution in the future. These details are particu-
larly important when constructing regional projections at the scale
of the Paciﬁc Islands (Brown et al., 2013a).
Similarly, El Niño Southern Oscillation (ENSO) behaviour is
sensitive to the position of the Western Paciﬁc Warm Pool edge
and the mean structure of SST. A key dynamical component in the
evolution and decay of ENSO is the longitudinal movement of the
edge of the Warm Pool (e.g. Clarke et al., 2000). A change to the
location of the Warm Pool edge will alter feedbacks involved in
both the growth and decay of ENSO events. The zonal SST
gradients across the basin also features in the Bjerknes feedback
linking the SST to the strength of the trade winds (Neelin et al.,
1998).
For these and many other reasons it is important to understand
changes to equatorial Paciﬁc SST. However, reliably projecting SST
change is hindered by the systematic cold tongue bias that
continues to appear in the latest coupled climate model runs
(Brown et al., in press, 2013c). In almost all coupled climate
models the mean state temperatures along the equator are cooler
than observed (compare Fig. 2A and B). Given that the dynamics to
the east and west of the Warm Pool edge are markedly different
and the processes that determine future SST distribution (Fig. 2C)
are likely to depend upon the mean state of the ocean (Dinezio
et al., 2009), projections need to be interpreted cautiously in the
context of the biased SST distribution.
Previous work by Brown et al. (in preparation), evaluated the
ﬁdelity of the WPWP in the climate models taking part in the
World Climate Research Program's (WCRP) Coupled Model Inter-
comparison Project Phase 5 (CMIP5). They deﬁned a ‘Dynamic
Warm Pool Edge’ (DWPE) by the isotherm that most closely aligns
with the zonally varying position of the maxima of the zonal
salinity gradient. As a result of the systematic cold tongue bias, this
isotherm was nearly always cooler in the coupled models than the
corresponding isotherm in observations (29.2 1C). The mean posi-
tion of the DWPE in models was much closer to observations than
if the 29.2 1C isotherm was used to deﬁne the edge in the models.
Brown et al. (in preparation) also found that many of the models
had a very poor representation of salinity, with the maximum sea
surface salinity (SSS) gradient being trapped too far west near the
Equatorial Trade Winds
Fig. 1. Schematic of the equatorial Paciﬁc showing characteristics of the ocean and atmosphere in the eastern and western equatorial Paciﬁc and at the edge of the Warm
Pool. The western Paciﬁc is characterised by warmer, fresher water than the east, with deep atmospheric convection. The Madden Julian Oscillation (MJO) is stronger over the
west Paciﬁc than the east, with westerly wind bursts impacting the ocean surface. The mixed layer and thermocline are also deeper in the west. In the Warm Pool, barrier
layers can form beneath the mixed layer, often due to the subduction of salty water to the east. At the edge of the Warm Pool there are strong zonal gradients in salinity, pCO2
and Chl-a.
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coast line, or being ill-deﬁned. In this study salinity gradient was
chosen to deﬁne the Warm Pool edge as it avoids some of the
issues around temperature biases in the coupled models, and
provides a base line to compare analysis of future climate that
would not be directly altered by a background warming. Further,
given that Warm Pool temperatures are generally quite homo-
genous with decreasing temperatures east of the edge, there is no
maximum in the zonal SST gradient, as there is with SSS.
Brown et al. (in preparation) also investigated the behaviour of
the DWPE in relation to ENSO in the coupled models. Models with
better simulations of the mean longitude of the DWPE were better
able to capture known ENSO dynamics such as the Delayed Action
Oscillator and zonal advective feedbacks. Given that ENSO is the
dominant mode of climate variability in the Paciﬁc, anthropogenic
changes to this system would have major implications for many
Paciﬁc nations. To understand the projections of ENSO in the
climate models, we must ﬁrst be conﬁdent in their representation
in simulations of the current climate and then explore how it
might change.
The purpose of this study is to determine the projected
warming of the SST in the equatorial Paciﬁc and the implications,
taking into account the bias in the position of the edge of the
Warm Pool. We identify the ‘Dynamic Warm Pool Edge (DWPE)’ in
the 20th Century and again in the 21st Century. We ﬁrst explore
how the DWPE might change in the future in terms of location,
temperature and salinity. We then examine the warming patterns
either side of the DWPE in each model and projections for each
model are explored for their inﬂuence on SST gradients. Changes
to these gradients will inﬂuence the behaviour of atmospheric
convergence zones and rainfall in the future as well as ENSO
behaviour. We present hypothesise for these changes given our
bias adjustment methods.
We stress that evaluating the SST changes are only part of
understanding the future behaviour of the Western Paciﬁc Warm
Pool. The contribution of this paper is to explore how the SST
projection in the future could be better characterised given the
known biases. Changes to many other variables such as salinity,
thermocline depth and ocean currents also need to be explored in
the context of the Warm Pool. In Section 2 we outline the method
for deﬁning the Warm Pool and detail the coupled model output
used in our analysis. In Section 3 we evaluate the projected
changes in location, temperature and salinity at the Warm Pool
edge, followed by changes either side of the edge. We then relate
the projected changes to the simulation biases and ﬁnally discuss
the implications for understanding rainfall projections and ENSO
behaviour.
2. Data and methods
2.1. Deﬁning the Warm Pool edge
Typically the edge of the Warm Pool is deﬁned by a particular
isotherm or isohaline. Based on the observational record, the
29.2 1C isotherm has been identiﬁed as a useful proxy for the
edge of the Warm Pool (Picaut et al., 2001; Brown et al., in
preparation). This isotherm lies close to the interannually varying
position of the maximum zonal salinity gradient and demarcates
the relatively uniform warm water in the west, from waters that
become cooler towards the east (dashed line in Fig. 2A). The long
term mean position of this isotherm is approximately 1701E at the
equator, but oscillates east and west between about 1601E and
1501W (see Brown et al. (in preparation) for further discussion of
observations of this isotherm).
Given the cold bias in climate models, the same isotherm or
isohaline may not always align with the dynamics at the edge of
the Warm Pool. Indeed, Brown et al. (in preparation) found that in
general, the models maximum zonal salinity gradient along the
equator occurred at cooler temperatures than observed as a result
of the ubiquitous cold tongue bias. Moreover, the strongest salinity
gradients, that deﬁne the edge of the Warm Pool, are unlikely to
evolve in the same way as a particular isotherm under long-term
ocean warming.
To ﬁnd a model's Warm Pool edge, we identiﬁed the isotherm
that most closely aligns with the maximum monthly varying zonal
salinity gradient along the equator. This is termed the DWPE and
deﬁnes a boundary between the dynamical regimes that exist in
the eastern and western parts of the basin. The maximum salinity
gradient is not used as the WP edge metric as it sometimes
becomes ill-deﬁned. To overcome this, we chose the isotherm that
most closely matches the maxima in salinity as the proxy for the
Warm Pool edge.
Two time periods are examined 1950–2000 and 2050–2100.
The temperature and salinity data are detrended over each of
these 50 year periods prior to identifying the DWPE. Analysis of
this method and the uncertainty involved is discussed in Brown
et al. (in preparation).
Fig. 2. (A) Observed mean SST (1C) for 1950–2000, from HadISST (Rayner et al.,
2003). Dashed line indicates the position of the 29.2 1C isotherm which corre-
sponds to the maximum equatorial SSS gradient and hence the DWPE; contour
interval 0.5 1C. (B) The corresponding multi-model mean SST from the 1950 to
2000 from CMIP5 historical runs. The thin ﬁlled lines here are 29.2 1C isotherms for
individual model and the continuous thick line is the model average. The dashed
line is the multi-model mean position of the isotherm corresponding to each
model's DWPE (see Table 1A). (C) The multi-model mean SST from the period 2050
to 2100 for the RCP8.5 scenario showing the 29.2 1C isotherms from each model
(thin black lines) and the resulting multi-model mean (thick line). The multi-model
mean of the 21st Century isotherms corresponding to the DWPE is shown by the
dashed line.
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There are certain advantages to using salinity gradients over SST
to deﬁne theWarm Pool edge (see Brown et al. (2013b) for extensive
discussion). In the context of this study, coupled climate models
have different regional mean temperatures, not necessarily just due
to the cold tongue bias. Temperature gradients are problematic as
the zonal SST distribution also varies greatly between models so
there is no clear common threshold in SST gradient to deﬁne the
Warm Pool edge. Temperature is also problematic when we are
assessing a warming world. Isotherms that deﬁne the edge in the
present day will move long distances eastward under warming,
however there is no reason to assume the other dynamics related to
the Warm Pool will follow – such as upwelling or deep convection.
2.2. Coupled model output
Climate model data are obtained from the WCRP CMIP5
database (Taylor et al., 2012). We analyse the ﬁrst ensemble of
the ‘historical’ simulation from each model for the 1950–2000
period and the associated ensemble member of the RCP8.5
scenario from 2050 to 2100. Nineteen models are analysed in this
study as listed in Table 1.
Brown et al. (in preparation) further identiﬁed a group of
‘better’ CMIP5 models in terms of their simulation of the DWPE:
ACCESS1.0, CCSM4, CNRM-CM5, GISS-E2R, HadGEM2-CC, Had-
GEM2-ES, MRI-CGCM3, and NorESM1-M (see Table 1). The
remaining 11 were categorised as the ‘worst models’. The models
were chosen on their ability to realistically simulate the mean
longitude of the DWPE at the equator, the interannually varying
position of the maximum SSS gradient and the homogeneity of the
Warm Pool. Of the 8 better models the three best were identiﬁed
as CCSM4, CNRM-CM5 and NorESM1-M. Here we explore the
differences between the SST projections from these model subsets
and the multi-model mean to identify if the warming pattern is
related to the ability of a model to simulate the DWPE.
Other studies (Maes et al., 2004, 2006) have shown the
relationship between the maxima in zonal salinity gradient,
convergence of zonal currents, temperature and precipitation in
observations. This relationship is not clear in the CMIP5 coupled
models (Brown et al., in preparation). In particular even in the best
models the simulated equatorial westward currents are too strong,
with no zonal convergence point near the DWPE. The location of
the salinity gradient is used for this intermodel comparison as it is
the most easily identiﬁable feature across models.
For comparisons of DWPE behaviour with ENSO, we used an
eastern equatorial SST (EE_SST) similar to Nino3.4, as described in
Brown et al. (in preparation). This metric has the same long-
itudinal extent as Nino3.4 (1701W to 1201W) but is conﬁned to
only 0.51N to 0.51S. As models vary in their ability to simulate the
meridional extent of the ENSO-related SST anomaly, calculating
the index right on the equator removes some of this ambiguity.
2.3. Evaluating ENSO dynamics
One way to evaluate changes to ENSO in the future is by
analysing changes to the behaviour of Nino3.4 ﬂuctuations. In a
situation where models contain biases and uncertainties in the
tropical Paciﬁc, this assessment can be difﬁcult to interpret
particularly as Nino3.4 anomalies are a result of many different
Table 1
CMIP5 models used in this study and values for Warm Pool and climate change metrics. The model results are averaged for the ‘best 3’, the best 8 and then the multi-model
mean (MMM). Values are provided for the temperature of the isotherm associated with the DWPE in the 1950–2000 historical runs (A; 1C) and its mean longitude (B; 1E)
(taken from Brown et al. (in preparation)). The change in temperature at the future DWPE is listed in (C; 1C) with the movement to its mean longitude in the future (D; 1E).
The change for the zonal SST gradient in the future is ﬁrstly calculated between 170 1E and 160 1W (E) (1C/1E103). The mean observed value of this gradient over the 20th
Century, upon which a future anomaly should be applied, is 0.0455 1C/1E. In comparison the change to the zonal SST gradient between individual model DWPE locations
and 301 to the east is given (F). Finally the change to the meridional gradient in the future is calculated between 0.5 1N and 7.5 1S (G; 1C/1N102). This anomaly is acting on
a mean gradient of 3.9102 1C/1N.
Model A B C D E F G
Isotherm (1C)
associated with
DWPE in 20 1C
Mean
longitude
(1E) of DWPE
in 20 1C
Change to
temperature (1C) of
isotherm for 21st C
DWPE
Displacement of
future mean
DWPE location
(1E)
Change to zonal SST
gradient between 1701E
and 1601W (103 1C/1E)
Change to zonal SST
gradient 301 east of
DWPE (103 1C/1E)
Change to meridional
SST gradient 1701E,
0.51N to 7.51S (102 1C/
1N)
Observations 29.2 170
CCSM4 29.1 170.4 2.5 5.6 0 2.5 1.7
CNRM-CM5 27.9 167.3 2.0 þ1.2 8.7 9.5 0.8
NorESM1-M 28.5 172.4 1.7 þ0.2 1.1 1.3 3.0
Best 3 28.5 170 2.1 þ2.1 3.2 4.4 1.8
ACCESS1.0 27.9 176.4 2.6 þ4.2 10.0 7.4 2.5
GISS-E2-R 29.1 183.5 1.6 þ22.5 17.1 5.4 4.0
HadGEM2-CC 27.7 170.6 2.8 þ3.9 8.6 4.9 3.8
HadGem2-ES 28.0 166.1 2.7 þ10.1 10.0 3.3 5.1
MRI-CGCM3 28.2 164.7 2.2 þ11.2 9.3 2.5 10.0
Best 8 28.3 172 2.3 þ2.1 8.1 4.6 3.9
ACCESS1.3 28.7 159.5 2.3 þ24.7 4.8 8.2 10.4
CanESM2 28.6 151.6 3.1 0.2 12.7 19.2 8.8
CSIRO mk3.6 27.0 150.2 2.0 þ22.7 39.4 5.5 20.1
GFDL-ESM2G 28.9 144.0 1.6 þ6.7 1.4 5.5 5.8
GFDL-CM3 28.4 157.6 3.6 þ6.5 4.4 3.2 10.1
Inmcm4-esm 28.1 147.0 1.6 3.4 2.4 4.9 2.6
Inmcm4 28.1 147.5 1.7 2.2 2.5 10.3 3.1
Ipsl-CM5A-
LR
28.4 149.3 3.6 0.7 0.7 1.8 6.7
IPSL-CM5A-
MR
29.3 148.2 3.5 þ4.9 2.6 3.1 10.6
Miroc5 28.3 161.8 2.6 2.9 7.3 7.8 2.9
MPI-ESM-LR 28.5 153.5 2.8 þ4.6 7.3 1.4 3.2
MMM 28.4 160 2.5 4.7 1.5 3.3 5.4
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and sometimes compensating feedbacks. It is more appropriate to
ﬁrst assess how the ENSO dynamics that alter the Nino3.4 SST
might be changing in time.
An eastern equatorial heat budget is one way to diagnose ENSO
processes. Studies have shown that changes to the zonal advection
of the mean zonal SST gradient, i.e. the zonal advective term,u'Tx,
is one of the main contributors to eastern equatorial SST change on
ENSO timescales (An and Jin, 2001),
dT
dt
¼ u'Tx þ other terms ð1Þ
where u0 is the anomalous zonal velocity, T is the eastern Paciﬁc
equatorial SST and Tx is the background zonal SST gradient. While
the thermocline feedback is also important, we are focusing on the
role of the DWPE simulations, which is primarily inﬂuence the
zonal advective term.
Brown et al. (in preparation) explored the strength of this
zonal advective term by considering typical magnitudes of each
term in the CMIP5 models. They linked the magnitude of the
DWPE perturbations to the anomalous perturbations in u0 via
Δu' σðDWPEÞ=Δt, where σðDWPEÞ is the standard deviation of
the longitudinal variability of the monthly DWPE and Δt a typical
ENSO time scale. Similarly representing the SST variability as
dT=dt  σðTÞ=Δt, then Eq. (1) simpliﬁes to
σðTÞ  σ DWPEð ÞTx ð2Þ
that is, ﬂuctuations in the eastern Paciﬁc SST are proportional to
the product of the DWPE ﬂuctuation size and the mean zonal SST
gradient. This facilitates the assessment of the importance of the
zonal advective term to ENSO variability, via the behaviour of the
DWPE. This relationship explained how a model with a weak
central Paciﬁc SST gradient and strong DWPE variability might
have the same eastern Paciﬁc SST variability as one with a strong
SST gradient and weak DWPE variability. We will exploit this
relationship to explore how ENSO behaviour changes in the future
as attributable to the DWPE changes in comparison to the back-
ground temperature gradient changes.
3. Results
3.1. Changes to the edge of the Warm Pool
Model simulations over the historical period (1950–2000) have
the 29.2 1C isotherm much further west (Fig. 2B, thin black lines,
thick line is the average) than the observational data for the same
period (Fig. 2A). In the future (2050–2100) the models project that
their 29.2 1C isotherms will extend far into the eastern Paciﬁc
(Fig. 2C, thin lines, thick line is the multi-model mean). However
there is no reason that this isotherm shift reﬂects the change in
the location of the distinct dynamical regimes that form the Warm
Pool and cold tongue. The changes to the position of the zonal SSS
gradient maximum, which is a better proxy for the boundary
between these regions (Fig. 2, dashed lines and Fig. 3A), allows for
the edge of the Warm Pool to also warm and occur at a different
temperature threshold.
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Fig. 3. Comparison between 20th Century (1950–2000) and 21st Century (2050–2100): (A) longitude of the DWPE (1E); (B) surface temperature at the DWPE (1C); and (C)
salinity at the DWPE (psu). The mean longitude of the DWPE is compared with the warming at the edge in (D). Filled circles represent models in the ‘best 8’ and squares
represent the ‘worst 11’.
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The isotherm that matches the strongest zonal salinity gradi-
ents in the 2050–2100 period (Table 1A) is warmer than its
counterparts in the 1950–2000 period (Table 1, column C) for all
models. The better models warm the DWPE isotherm in the future
by 1.6–2.8 1C, with some of the poorer models projecting
considerably greater warming, up to 3.6 1C (Fig. 3B).
The multi-model mean location of the DWPE shows little change
in the future (compare dashed lines in Fig. 2B and C) however
individual models (Table 1, column D, Fig. 3A) indicate longitudinal
changes of 5.61 westward (CCSM4) to 24.71 eastward (ACCESS1.3).
For the majority of models, the change to the position of the DWPE
is within 101 (Fig. 3A), the temperature warms between 1.6 and
3.6 1C (Fig. 3B) and there is a freshening in almost all models
(Fig. 3C). There is no obvious relationship between the magnitude of
warming at the DWPE and its mean position (Fig. 3D).
3.2. Equatorial warming on either side of the Dynamic
Warm Pool Edge
We now explore whether the location of the DWPE is sig-
niﬁcant to the pattern of warming. Changes in SST between the
two time periods are shown for individual models in Fig. 4 with
the DWPE for the 20th and 21st Centuries superimposed. In many
models the largest warming clearly occurs to the east of the DWPE.
However, the multi-model mean warming pattern hides these
features, smearing out the enhanced warming along the equator as
a result of the wide range of DWPE locations.
The 1950–2000 mean temperature along the equator and the
future warming anomaly for the ‘best 8’ models are plotted in
Fig. 5A and B, respectively. The same information is provided for
‘worst 11’ in Fig. 5E and F. In general for the mean temperature the
Fig. 4. Warming anomalies (1C) from the 1950–2000 historical period to 2050–2100 RCP8.5 period for individual models. The continuous (dashed) line marks the isotherm
that describes the DWPE for the 1950–2000 (2050–2100) period. Models are arranged to show the best 3, the next best 5 and the ‘worst’ 11.
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best models show a region of homogeneous SST in the western
Paciﬁc (Fig. 5A), similar to the observations, while the worst
models exhibit a constant zonal SST gradient across most of the
western and central basin (Fig. 5E). When the warming anomaly is
considered (Fig. 5B and F), the better models have a consistent
shape to the warming pattern along the equator. That is, warming
everywhere but more pronounced in the east. There are variations
in the magnitude of this warming between models. The worst
models (Fig. 5F) give a wide range of warming pattern projections
so that the average warming pattern appears relatively uniform
along the equator.
This perspective has two problems. First, it does not take into
account the fact that the DWPE for each model is at a different
longitude. Secondly the DWPE has large east–west perturbations
on interannual timescales, so a simple time mean is often aver-
aging water from within the Warm Pool with water from the cold
tongue. To account for this, mean state temperature and projected
warming anomalies are presented relative to the moving DWPE
(Fig. 5C and D best models, G and H worst models). That is, at each
point in time the longitude of the DWPE is calculated and the
temperature distribution is recorded relative to this position of
‘longitude 0’. The differences between the two approaches are
most signiﬁcant for models that had a DWPE trapped too far west,
and models such as MRI-CGCM3 with large ENSO variability and
hence strong longitudinal movements of the DWPE.
In this ‘bias corrected’ frame of reference we ﬁnd that the mean
SST structure for the 1950–2000 period is altered (Fig. 5 – compare
C with A). There is now a sharper distinction at the Warm Pool
edge where there is a transition from uniform warm water to the
strong SST gradient. This is even more prominent in the poorer
models (Fig. 5E and G), the dynamic averaging leads to a uniform
warm water pool appearing where there was none previously.
The pattern of projected warming is also altered by the
dynamic averaging (Fig. 5D and H). This approach leads to a
narrowing of the range of warming projections, and reduction of
multi-model mean warming at the DWPE for the better models (i.
e. warming at 01 in Fig. 5D compared to the warming at 1701E in
Fig. 5B). The equatorial warming signature is fairly uniform west of
the DWPE, although it occurs at different rates for each model. East
of the DWPE the warming increases slowly to the east and then
sharply at around 501 from the DWPE in many of the models.
Given the DWPE is at approximately 1701E in the observations, the
sharp increase in warming would correspond to approximately
2201E. This pattern of change is not as clear in the poorer models
(Fig. 5F and H) which is likely related to the fact that many were
not able to simulate a distinct maxima in salinity making it
difﬁcult to identify a DWPE.
3.3. Relating projected anomalies to simulation biases
The next question is whether the large array of warming patterns
(Fig. 4) can be related to how well each model simulates the DWPE.
Averaging over each of the three groups of models and the whole
set, highlights distinct behaviours in a broader spatial context
(Fig. 6). The ‘best 3’ have enhanced warming to the east of the
DWPE getting stronger towards the east and fairly uniformwarming
over the Warm Pool (Fig. 6A) as discussed in the previous section.
As the models decrease in performance, the DWPE is simulated
further west, and the region of enhanced warming also extends
westward (Fig. 6C). The multi-model mean warming in the west
(Fig. 6D) is swamped by the strong warming in a small subset of
models and resulting in a strong warming anomaly appearing all
the way along the equator. We infer that the stronger warming can
be linked to how and where a model simulates its Warm Pool and
cold tongue. That is, the warming projection is, to some extent, a
function of the bias.
Regional changes to the zonal and meridional SST gradients are
important for changes in the atmosphere (Chadwick et al., 2012).
These are now examined relative to the individual DWPE positions
in the models and how the bias adds potentially spurious changes
to the mean state.
If the change to the zonal gradient from the 21st Century
warming is calculated at a ﬁxed location (in the central Paciﬁc
between 1701E and 1601W, i.e. to the east of the mean DWPE
location) then the projected multi-model mean change to the
zonal gradient between the two time periods is 1.5103 1C/1E
with widely varying values across model, both positive and
negative (Table 1, column E). For the best 8 models the change
was positive with the net effect of reducing the magnitude of the
mean SST gradient (Fig. 7A). These changes are relative to an
observed mean gradient along the equator of 0.049 1C/1E east of
1701E, while in the Warm Pool the gradient is near zero.
If instead the gradient is calculated relative to the mean
position of the DWPE in each model, the mean zonal gradient
anomaly increases to 3.3103 1C/1E for the multi-model mean,
(Table 1, column F). The poorer models show a greater change in
zonal gradient between the two methods, however the models
vary widely as to whether this change increases or decreases when
calculated relative to the DWPE or at 1701E. This is likely because
the models that perform poorly do so for very different reasons
and with differing biases (Fig. 4), and so a similar change would
not be expected.
The future meridional SST gradient also appears to be affected
by the ﬁdelity of the DWPE. The current observed meridional
gradient at 1701E reﬂects the homogenous nature of the Warm
Pool with a weak SST gradient of 3.9102 1C/1E, measured
from 0.51N to 7.51S. The best 3 models project a change to this
meridional gradient of 1.8102 1C/1E, which weakens the mer-
idional temperature gradient. The best 8 have a much greater
change of 3.9102 1C/1E, which if added to the observed SST
would result in no meridional SST gradient. The poorer models
introduce a wide range of projected changes to the meridional
gradient from 3.1 to þ20.1102 1C/1E (Table 1, column G).
These changes to meridional SST gradient in the future would
signiﬁcantly alter the overlying atmospheric response. Fig. 6 shows
that the strong positive changes to the meridional SST gradient are
likely due to the warming being placed too far west and super-
imposing on the Warm Pool when instead they are related to the
cold tongue.
3.4. Future ENSO behaviour
As described by Eq. (2), the DWPE is a key part of the zonal
advective term feeding back on ENSO dynamics. The changing
behaviour of the zonal advective term could therefore inﬂuence
the processes involved in eastern equatorial SST variability. In the
previous section we discussed how the zonal SST gradient is
projected to change (Fig. 7A and B). On average the models
showed a weakening of the negative SST gradient by
1.5103 1C/1E. If the variability in DWPE location does not
increase to compensate, there would be a weakening of the zonal
advective contribution to SST variability in the east.
Consistent with other studies, we ﬁnd no agreement across the
models as to how the magnitude of the eastern equatorial SST
variability will change over the next Century (Fig. 7D – y axis).
What is consistent, is that for any change in the magnitude of
eastern equatorial SST variability, there is a corresponding change
to the magnitude of the zonal advective term (Fig. 7D). That is an
increase in the standard deviation of T is accompanied by an
increase in σ DWPEð ÞTx, and vice versa.
The change in σ DWPEð ÞTx is not simply attributable to one
term. The better models (ﬁlled circles in Fig. 7) have a decrease in
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mean zonal SST gradient (as discussed in previous section). The
change in magnitude of σ DWPEð Þ varies between models, some
increasing and some decreasing. This variability is probably partly
attributable to a limited number of ENSO events in the 50 year
periods examined here and/or that there may be no discernible
change to the DWPE oscillations.
4. Discussion and conclusions
This study explores the projected SST warming along the
equator relative to the edge of the Western Paciﬁc Warm Pool.
This is signiﬁcant as the processes that determine the mean state
and future changes to SST are distinct to the west and east of the
dynamical Warm Pool edge; moreover the location of the edge
ranges over 401 across the CMIP5 climate models. By averaging
models at a ﬁxed location, as is commonly done when taking a
multi model mean, one could be sampling the cold tongue in some
models and the Warm Pool in others. Using our dynamical bias
correction we found that future warming tends to occur more
strongly east of the Warm Pool, with fairly uniform warming
within the Warm Pool. Furthermore, the pattern of projected
warming appears to be reasonably uniform in the models that
simulation the DWPE well, but ranges widely for the poorer ones.
The structure of the warming has implications for local SST,
regional SST gradients and the dynamics of ENSO. Clearly SST
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changes are only one part of the climate system but a ﬁrst step
towards our understanding.
A number of other studies have also suggested that the western
Paciﬁc will warm less than the east (Meehl et al., 2007, Ch. 10, page
779). The multi-model mean warming from CMIP3 models shows
fairly uniform warming along the equator (DiNezio et al., 2009;
Ganachaud et al., 2013) although both these studies note that the
overly westward position of the Warm Pool edge would probably
inﬂuence these projections. Furthermore, DiNezio et al. (2009)
attributed the warming signature in the east and west to different
physical processes. The warming in the western half of the basin is
caused by changes in the balance between cloud cover feedbacks
and evaporation, while warming over the cold tongue is balanced
by cooling from ocean vertical heat transport. Our results support
this hypothesis demonstrating that models project different
warming signatures over the two regions.
The simulation of the DWPE, and hence the pattern of warm-
ing, is a ﬁrst step in understanding future change because of its
broad impacts on larger systems of atmospheric convection and
climate variability. The zonal SST gradient was found to become
weaker east of the DWPE in all of the better models. In the poorer
models, there was a diversity of changes in the zonal SST gradient,
with very different conclusions depending on whether the gradi-
ent was calculated at 1701E or from the DWPE.
By locating the DWPE in the 20th and 21st Centuries we were
able to evaluate relative changes to the sea surface. We found that
the edge location is not projected to change substantially, and is
likely remaining within 101 of its current position. However the
dynamic edge will be associated with warmer and fresher water.
This result was consistent across the majority of models. Con-
versely, if a ﬁxed isotherm had been used to deﬁne the edge of the
Warm Pool, then all models would suggest a basin scale eastward
shift in the edge of the Warm Pool from a model mean position of
around 1401E in the 20th Century to 1601W in the 21st (based on
the 29.2 1C isotherm). This movement would not reﬂect the
movement of the western and eastern dynamical regimes of
the ocean.
There are many implications from our ﬁndings of SST warming
in the second half of this Century.
4.1. Bias adjusting and rainfall projections
The cold tongue bias is known to lead to erroneous rainfall in
climate models. A common method to reduce biases in projected
tropical Paciﬁc SST is take the 21st Century projection, subtract out
the 20th Century mean state model SST and replace with the
observed 20th Century mean state SST (e.g. Ashfaq et al., 2010;
Nguyen et al., 2012). This retains the interannual variability from
the 21st Century simulation while removing some of the mean
state cold tongue bias, possibly resulting in a more accurate
representation of the future. These SST patterns are then used to
force atmospheric models for an improved simulation of future
climate. Our results suggest caution should be taken in this
approach due to the sensitivity of the projected warming pattern
to the location of the DWPE. Adding the warming signature from
one of the poorer performing models with a strong cold tongue
bias to the observations, would result in spurious zonal and
meridional gradients in the warming pattern. In particular, the
gradients of SST warming associated with the cold tongue would
erroneously be added to the Warm Pool, in some cases completely
reversing the sign of the meridional SST gradient. This is proble-
matic as small gradients in SST in this region have signiﬁcant
inﬂuences on the hydrological cycle (e.g. Chadwick et al., 2012).
For example, the intensity and orientation of the SPCZ is a function
of local SST (thermodynamic) and meridional SST gradients
(dynamic) effects equator-ward of the convergence zone. Bias
adjusting the SST mean state to feed into atmospheric models
leads to a better simulation of the SPCZ (Ashfaq et al., 2010).
However future rainfall changes will critically depend on how
changes in the SST gradients inﬂuence the dynamic contribution to
the SPCZ. Our advice would be to use a projection from a model
with a better Warm Pool or generating a warming signature
relative to the Warm Pool edge.
4.2. ENSO dynamics
ENSO is a complex process and any changes in the future will
be sensitive to multiple feedback processes in the tropical Paciﬁc
(Collins et al., 2010). As such there is little consensus with regard
to how and if ENSO will change in the future.
Understanding future ENSO behaviour in a warmer world will
rely on a better understanding of changes to the Warm Pool
structure. However, even diagnosing the location of the Warm
Pool edge now and in the future is non-trivial. Given the large
spatial biases in the structure of the Warm Pool and the differ-
ences between models, it is not surprising that this study and
others (Collins et al., 2010; Guilyardi and Bellenger, 2012) ﬁnd no
consistent projected change to ENSO behaviour in the next Century
in terms of SST variability or changes to the DWPE excursions.
However we do ﬁnd that if the bias in the DWPE is accounted
for, the zonal temperature gradient is projected to weaken on the
eastern side of the DWPE in the better performing models. This is
not the case if the temperature gradient is calculated at the same
Fig. 6. Projected SST warming anomaly (1C) for (A) the ‘best 3’ CMIP5 models, (B)
the best 8, (C) the worst 11 and (D) the multi-model mean. The thin green lines are
individual model DWPEs (for 2050–2100) and MMM the thick green line is the
multi-model mean for the associated subset of models. The black dashed line is the
all-model multi-model mean DWPE for comparison.
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longitude in each model. If we consider the weakening tempera-
ture gradient to be a robust future projection, then we expect that
other things being equal the zonal advective feedback that acts to
enhance ENSO variability will weaken. In some models the
magnitude of the DWPE oscillations increase to compensate for
the reduction in the zonal gradient. Moreover, other mechanisms
such as the thermocline feedback term in the heat budget may
modulate ENSO magnitude (Dewitte et al., 2013).
The edge of the Warm Pool is important in many conceptual
descriptions of ENSO dynamics (Picaut et al., 1996; Clarke et al.,
2000). The edge is where Kelvin and Rossby waves develop in a
delayed-action oscillator model (Battisti and Hirst, 1989), as well
as signifying the edge of deep convection in the atmosphere. It
follows therefore that biases in the mean state of the edge in a
climate model will affect ENSO mechanisms (Brown et al., in
preparation). It is difﬁcult to interpret a change in ENSO behaviour
if the underlying mechanisms that generate the mode are known
to be affected by large mean state biases, and that the projected
changes to SST are a function of the underlying bias.
The dynamics of ENSO are far more complex than this simple
description. However, our results show a consistent reduction in
the zonal SST gradient, which other things being equal, would
reduce the ability of eastern equatorial SST anomalies to grow i.e.
it would tend to suppress ENSO variability. Given that ENSO
amplitude projections are inconsistent, other processes must also
be at play. A more complete heat budget analysis would be
required to understand the different responses across the models.
4.3. Coral bleaching
Coral reefs are highly susceptible to future warming, particu-
larly with the extra stressors of ocean acidiﬁcation and other local
effects. More than the spatial pattern of warming, projected
changes in coral bleaching risk are sensitive to the level of seasonal
and interannual variability in a region (Langlais et al., submitted
for publication). SST within the cold tongue is subject to large
ENSO variability while in the Warm Pool variability is relatively
weak (Brown et al., in preparation). As such, biases in the DWPE
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can signiﬁcantly affect regional risk estimates. Moreover, project-
ing bleaching risk from climate simulations with biased DWPE
location means that both the present day simulation of variability
and any future changes to ENSO will also be biased.
The DWPE also marks a shift from oligotrophic waters in the
west to higher productivity waters in the cold tongue (Radenac
et al., 2013). The correct simulation and projection of the changes
to the edge are therefore signiﬁcant for many marine ecosystems,
as well as for the carbon uptake. Here we have only assessed
the Warm Pool edge in terms of temperature and salinity.
Future studies need to explore how the many other components
of the Warm Pool edge may change and the implications for
biogeochemistry.
4.4. Tropical tuna
Paciﬁc Island nations are dependent on ﬁsheries, particularly
tuna, for food security, employment and government revenue (Bell
et al., 2013). Understanding the future habitat of tropical Paciﬁc
tuna is a complex task involving interactions between the physical
and biogeochemical ocean state, limited observational data, under-
standing of ecosystems and tuna behaviour and all the uncertain-
ties contained in these (Evans et al., 2015). Observational data
suggest a strong relationship between skipjack tuna catch and the
interannually varying longitude of the 29 1C isotherm (proxy for
DWPE) at the equator (Lehodey et al., 1997). It is still not clear
whether the suitable habitat is simply expanding and contracting
with the movement of warmwater or the convergent behaviour of
the DWPE on forage is the key factor controlling the tuna
migrations. It is likely a combination of both. For this reason,
ocean projections of both temperature and the dynamics of the
DWPE are of interest.
The absolute temperature of the western Paciﬁc in the future is
important for tuna as it could exceed the upper thermal threshold
for skipjack during the 21st Century (Ganachaud et al., 2013).
Skipjack tuna have a preferred thermal range of 20–29 1C, with
few observed at temperatures beyond 30 1C (Bell et al., 2011). In
the present climate only a small proportion of the Warm Pool
exceeds this threshold (Sen Gupta et al., 2015). By the end of the
Century (based on the RCP8.5 scenario) the surface waters of the
Warm Pool will exceed the skipjack upper threshold regardless of
the model used and its bias. This will force the tuna further east or
south to cooler waters or to greater depth which will reduce tuna
catchability. The difference between the ‘best’ models and the
others is the amount of warming in the west. Although not
explored here, the vertical distribution of warming is also impor-
tant to determine the habitable depths for various tuna species.
Projected subsurface warming is also likely to be a function of
whether the analysis is taken within a model's Warm Pool or cold
tongue.
A confusing element of the ocean projections occurs when the
future is considered to be more ‘El Niño-like’, due to enhanced
projected warming in the eastern equatorial Paciﬁc (as explained
in DiNezio et al. (2010)). By this reasoning, tuna might be expected
to have a distribution similar to that found during El Niño events.
This is an oversimpliﬁcation, as while the surface waters are
projected to exhibit eastward enhanced warming, this does not
mean other oceanic processes will mimic an El Niño. In fact our
analysis shows that the dynamical edge of the Warm Pool will stay
at a similar longitude. If the ocean were indeed to become more El
Niño like then the Dynamic Warm Pool Edge would show a
distinct shift to the east in the future. Other studies show that
the stratiﬁcation will increase (which does not happen in El Niño),
which will have a signiﬁcant effect on lower trophic levels. We
note that temperature is only one factor affecting tuna habitat, and
many other factors including oxygen levels, stratiﬁcation and
nutrient availability are important.
4.5. Conclusion
Projections of climate change at regional scales contain many
uncertainties. Nevertheless progress can be made using a combi-
nation of model results with an understanding of biases and
dynamical processes affecting ocean and atmosphere properties.
Here we provide an example of understanding the zonal structure
of projected surface warming along the equator in the Paciﬁc, and
exploring changes to the Western Paciﬁc Warm Pool. This has been
done largely in isolation to the many other contributing factors
such as wind stress and ocean convergence. The next challenge is
to explore the dynamics of what controls the convergence of ocean
currents forming the edge of the Warm Pool, and the reasons it
may or may not change with global warming.
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